We uncover the origin of blue luminescence (BL) peak in Mg doped GaN thin film using a combination of experimental X-ray absorption near edge spectroscopy (XANES), first-principles calculations based on density functional theory and full multiple scattering theoretical analysis of various possible defect complexes and their XANES signatures. We demonstrate that a defect complex composed of Mg substituted at Ga site (Mg Ga ) and Mg at interstitial site (Mg i ) is primarily responsible for the observed BL by Donor-Acceptor Pair transition (DAP) associated with a deep donor state in the gap. It correlates with a higher (lower) oxidation state of N (Ga) in heavily Mg doped GaN than in its pristine structure, evident in our experiments as well as calculations. Physical and chemical mechanisms identified here point out a route to achieving efficient p-type GaN.
I. INTRODUCTION
Gallium Nitride (GaN) is a wide band gap semiconductor (E g = 3.51 eV at 2K) used for a wide variety of applications such as solid state lighting 1 , high power and high frequency devices 2 , and lasers 3 . It is essential to have both n and p-type semi- Incorporation of Mg in GaN results in characteristic luminescence peaks in Photoluminescence (PL) and Cathodo-luminescence (CL) spectra depending on the dopant concentration. A small amount of Mg doping (< 10 19 cm −3 ) in GaN results in luminescence peaks at 3.270 and 3.466 eV (at T=2K) 7 . At higher Mg dopant concentration (> 10 19 cm −3 ) in GaN thin films, a dominant PL peak appears in the range of 2.70 -2.95 eV, emitting blue luminescence (BL), the origin of which has been debated in the literature in the past decade [8] [9] [10] [11] [12] [13] [14] . Recent DFT-based calculations suggest that the emergence of BL is due to different ionization energies of nitrogen vacancies (V N ) 15 and of hole localization at neighboring N atoms 16 . This however 2 fails to explain the absence of BL from the samples with lower Mg-concentration.
Moreover, no direct experimental evidence has been reported yet corroborating these mechanisms.
X-ray absorption near edge spectroscopy (XANES) is an effective probe to determine the element or site specific properties such as oxidation state of an atom, local geometry and the electronic structure 17 . Here, we report growth of undoped 
B. Simulation Details
In the simulation of XANES spectra, we have carried out first-principles DFT calculations using a combination of many codes. First, we used the SIESTA code In these calculations, we used optimized lattice parameters and relaxed atomic structure obtained from SIESTA calculations (details of the numerical parameters used in VASP calculations are given in the section I of the Supplementary Information).
III. EXPERIMENTAL RESULTS
Details of the structural properties of the films studied here were discussed thoroughly in our earlier publication 18 . As mentioned earlier, we have chosen GaN NwN as the host in the present work because of the superior optical properties of the film.
It is well known that 18, 29 GaN in NwN geometry do not show any other luminescence peak(s) except near band edge (NBE) (≈ at 3.4 eV) making it the preferred choice here. In the photoluminescence spectra obtained at RT (see Fig. 1 ), it is seen that the sample A has only one dominant luminescence peak centered at 3.43 eV, assigned NBE emission of GaN, whereas the sample B exhibit two distinct peaks, centered at 3.39 and 3.22 eV, respectively. While the peak centered at 3.39 eV is assigned to NBE of GaN, the peak centered at 3.22 eV is assigned to electron-Acceptor (e-A) or donor acceptor pair (DAP) transition in Mg-doped GaN 7 . PL spectra of sample C shows two distinct luminescence features, and they are identified as the NBE at 3.38 eV and the intense BL peak centered at 2.70 eV respectively. To understand the origin of different luminescence peak as observed in the PL spectra of samples, it is useful to study the electronic structure of all samples. To this end, we have probed the N K-edge and Ga L 2,3 -edge of the three samples using XANES (see Fig. 2 Energy (eV) Ga atoms are presented in Fig. 2(d) , with the first derivative of L 3 edge in the inset.
Similar to N K-edge, we do not observe any changes in the absorption threshold of samples A and B. However, we observe a small red shift (≈ 0.80 eV) in that of sample C, indicating reduction in the oxidation states of Ga atoms in sample C. The two distinct features R1 and R2 are seen clearly in all three samples. For samples A and B, the intensity of R1 is higher than that of R2, whereas for the sample C, intensity of R2 is higher than that of R1, with a flat absorption profile near the L 3 edge.
IV. THEORETICAL ANALYSIS AND DISCUSSION

A. X-ray Absorption Near Edge Structure
To uncover the origin of observed changes and features in experimental XANES spectra as a function of Mg doping concentration, we have obtained ab-initio XANES spectra. We focus on three possible mechanisms, which are widely speculated to be and Ga L 3 edge respectively, along with the experimentally observed spectra from a flat GaN epitaxial layer. Clearly, there is a good agreement between our theory and experiment (see Fig. 3 ), as well as the results reported earlier 33 .
We observe that N K-edge absorption edge is primarily dominated by the unoccupied N-2p orbitals, whereas Ga L 3 edge has a strong 's+d' hybridized orbital character. Further, we find that the feature R1 has a strong 's+d' hybridized char- at Ga site (Mg Ga ) are shown in Fig. 4(a) and (b) respectively. We find that peak P1 obtained from the simulation of configuration with (Mg Ga ) defect is not very prominent, and has a lower intensity relative to the pristine GaN. This reduction in intensity of P1 is consistent with the behavior shown by sample B, and we infer that no other defect complexes are present notably in sample B and the luminescence peak Mg-doped GaN relative to that of undoped GaN (see Table I ). Despite this small increase in oxidation states of N and Ga atoms seen in our simulations, we do not observe a significant change in absorption edges of the sample B, due to significantly lower incorporation of Mg in the host. Table I along with the formation energies. Clearly the oxidation states of N (Ga) atoms increase (decrease) slightly in these defect configurations. Thus, a clear conclusion on determination of dominant defect(s) could not be reached from the Mulliken population analysis alone. Further, our estimates of the formation energies of these defect complexes obtained using Zhang-Northrup scheme 34 (see Table I that should form in Mg-doped GaN. Recently, Miceli et al. 35 and Reshchikov et al.
36
predicted from Hybrid functional based DFT calculations that Mg interstitial is the energetically preferable defect in Mg-doped GaN, which was neglected earlier due to over-estimation of its formation energy with a semilocal functional 37, 38 , which is consistently evident in the results of our calculations here (see Tab.I). Simulated L 3 edge spectra of the configurations Mg Ga +Mg i and Mg i show (see Fig. 4(b) ) that the peak R2 has a higher intensity than R1, as observed experimentally only for the sample C.
Thus, we propose that the observed increase in intensity of P1 of sample C is due to the increase in the unoccupied donor states, originating from the formation of defect To connect with the prediction of Van de Walle et al., 16 we simulate the XANES spectra of N K and Ga L 3 edges by stretching the Mg-N bond to a value 15% higher than the Ga-N bond, while allowing other atoms to relax (see Fig. 4 ). We do not see any significant change in the N K-edge w.r.t. pristine GaN. Thus, the distortion of peak P1 in Fig.2 (a) can not be attributed to longer Mg-N bond. A careful observation of the simulated N K-edge spectra in Fig. 4 (a) reveals an absorption edge (at ≈ 400 eV) for all the N-vacancy related complexes thus we attribute this feature at ≈ 400.16 eV in the XANES spectra (see Fig.2(c) ) to unoccupied states associated with N-vacancies.
B. Electronic Energy Levels
As DFT-LDA typically underestimates the band gap (band gap of GaN calculated with SIESTA is 2.06 eV, much lower than its experimental value of 3.51 eV (see section IV of the Supplementary Information)), we used hybrid HSE06 functional based calculations to determine energy levels of the defect states in the electronic structure using VASP code (see Fig.7 ). In these simulations with a 4×4×2 supercell, we used only Γ-point in sampling the Brillouin Zone integrations. Our estimate of the band gap of pristine GaN is 3.36 eV, reasonably close to the experimentally observed band gap of 3.51 eV at T=2K and 3.43 eV observed at RT in this study. For the configuration Mg Ga , we find a shallow acceptor state (≈ 0.22 eV above the VBM), which has a predominant N-2p orbital character. Configurations with (Mg Ga +Mg i ) and Mg i exhibit deep donor states in the electronic gap ≈ at 3.14 and 3.07 eV above VBM. Thus, the transitions from the deep donor states to the shallow acceptor state occur at (3.14 − 0.22 = 2.92 eV), very close to the emission peak of BL (here 2.7 eV) observed in sample C (see Fig.7 ). We note that the concentration of Mg in our simulations of Mg-doped GaN is higher than experiment, and this small difference is partly due to that.
Although in past, a similar mechanism (transition between deep donor to shallow acceptor) on the origin of BL has been proposed, its atomistic origin has not been clear 10,39 . Lyons et al. 16 claimed an alternative mechanism where BL is a result of transitions of electrons from the conduction band to the deep and localized Mg Ga acceptor level. However, it fails to explain large shifts in the BL peak with increase in excitation intensity and absence of thse same in lightly doped samples. In addition, work of Buckeridge et al. 15 suggests that the BL may be due to the formation of isolated N-vacancy where authors used a hybrid quantum mechanical (QM) and molecular mechanical (MM) embedded cluster method. In contradiction to this, 
